Object. Endoscopic transsphenoidal surgery is expanding in acceptance, yet postoperative CSF leak rates remain a concern. This study presents the Cornell closure protocol, which has yielded significantly lower postoperative CSF leak rates compared with prior reports, as an algorithm that can be used by centers having difficulty with CSF leak.
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O ne challenge of endoscopic endonasal anterior cra nial base surgery is the avoidance of postoperative CSF leaks. The inherently high risk of CSF leak has led some critics to state that endonasal skull base ap proaches may be too dangerous compared with traditional transcranial approaches, particularly for intradural lesions.
As with any surgical technique, rates of complications decrease as practitioners become more skilled over time. Whereas CSF leak rates on the order of 20%-50% 33, 44, 84, 89 were reported during initial series, more recent publica tions have shown lower postoperative CSF leak rates of < 10%. 13, 37 Over the past 10 years, a wide variety of closure techniques have been proposed, mostly using multilayer constructs of autologous or synthetic materials, along with bone and free or vascularized mucosal flaps. 23, 32, 39, 47, 63, 65, 85, 91 As a result, each center has adopted its own protocol for closing the skull base, and there is a great deal of confusion among new practitioners regarding the expected success rates of different techniques. In this paper, we demonstrate the closure protocol we have adopted following our initial 7 years of experience. Over the last 2.5 years we have imple mented a single closure protocol with minimal variation, which has resulted in extremely low rates of postoperative CSF leak. The purpose of this paper is to present a con secutive series of patients in whom a single protocol was used so as to quell previous criticisms of CSF leak rates for endonasal skull base surgery and establish the safety of these approaches in experienced neurosurgical centers.
Methods

Retrospective Series
A single, established closure algorithm for endonasal endoscopic skull base surgeries has been implemented at Weill Cornell Medical College since January of 2010. 43, 78 This study includes 209 consecutive recent cases in the Cornell endonasal endoscopy database of 540 cases in which this procedure has been performed since 2004. One case was eliminated because the specific protocol we out line was not followed.
Our algorithm is dependent on the pathological fea Case-specific protocol to reduce cerebrospinal fluid leakage after endonasal endoscopic surgery tures of the lesion, its location, and the degree of expected and then encountered intraoperative CSF leakage. Intraop erative CSF leakage is visualized with intrathecal fluores cein (Akorn, Inc.), which is administered preoperatively in all patients either through a lumbar puncture or a lumbar drain (see below). This protocol involves intrathecal injec tion (0.25 ml of 10% fluorescein mixed with 10 ml of CSF) following premedication with steroids and diphenhydra mine. 81 The fluorescein circulates while the otolaryngolo gist performs the approach. Figure 1 outlines the Cornell closure algorithm. We place patients into the following groups preoperatively.
Patient Groups
Intrasellar Lesions. These include pituitary adenomas, intrasellar Rathke cleft cyst or arachnoid cysts, and intra sellar craniopharyngiomas. For tumors < 2.5 cm in diam eter or with < 1 cm suprasellar extension, we do not place a lumbar drain and do not harvest a nasoseptal flap. Cases with no CSF leak are closed with Gelfoam (Pfizer) for he mostasis and a MEDPOR (Porex Corp.) buttress placed as an inlay, covered with DuraSeal (Covidien). The DuraSeal is used in case there is a small, unappreciated CSF leak that may lead to a postoperative leak. Cases with low-flow leaks, as previously defined by Esposito et al., 36 are closed with a fat graft and a MEDPOR buttress covered with Du raSeal. Patients are kept in bed for 24 hours with the head of the bed at 30°.
For tumors ≥ 2.5 cm with ≥ 1 cm suprasellar extension, we place a lumbar drain and harvest a nasoseptal flap.
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In these cases, we expect a high-flow CSF leak, as defined by Esposito et al. 36 These cases are closed with a fat graft, MEDPOR buttress, nasoseptal flap, and then DuraSeal to keep the flap in place, and lumbar drainage is continued for 24 hours at a rate of 5 ml/hour. The drain is removed in the evening on the 1st postoperative day, and patients are mobilized on the 2nd postoperative day. This provides 12 hours for the small lumbar dural puncture hole to close prior to ambulation and allows early mobilization of the patients. In circumstances in which a high-flow leak is ex pected but none is encountered, we place only Gelfoam in the sella rather than fat, and although the nasoseptal flap is still used because it was harvested at the beginning of the procedure, the lumbar drain is removed immediately after the operation.
Extradural Lesions. These cases include extradural chor do mas, chondrosarcomas, esthesioneuroblastomas, ju ven ile angiofibromas, papillomas, odontoid pannus, and ex tra du ral schwannomas, among other rarer tumor types. These cases generally have no CSF leak, in which instance they are closed with Gelfoam for hemostasis, followed by Dura Seal. If a low-flow leak is encountered, we use autologous fat to plug the hole and Gelfoam as an overlay, fol lowed by DuraSeal to hold the fat in place and establish a watertight seal. Patients are kept in bed for 24 hours with the head of the bed at 30°. Intradural Nonsellar Lesions. These cases include su prasellar meningiomas and craniopharyngiomas or Rathke cleft cysts, intradural esthesioneuroblastomas and chordo mas, epidermoids, enterogenous cysts, gliomas, and intra dural schwannomas. These patients have significant dural defects and correspondingly high-flow CSF leaks. 36 The defects are closed with the previously described "gasket seal" technique, 43, 64 which involves an overlay of fascia lata held in place with a countersunk piece of MEDPORE. The fascia lata is cut 1 cm larger than the bone defect around the periphery, and great care is taken not to compress any intracranial neurovascular structures. If the optic nerves are exposed, slots are cut out of the graft. The gasket is then covered with either unilateral or bilateral nasoseptal flaps, DuraSeal to hold the flaps in place, and a lumbar drain for 24 hours at 5 ml/hour. The drain is removed in the evening on the 1st postoperative day and patients are mobilized on the 2nd postoperative day. Although the gasket seal de pends on having a shelf of bone available to buttress the MEDPORE, the size of the bone opening is not reduced to this rigid buttress. A bone opening adequate to remove the lesion safely is the first priority and the closure is the sec ond priority. However, the gasket closure does not require 4 sides of bone, but rather can be performed with as little as 2 or preferably 3 regions of support.
Spontaneous or Posttraumatic CSF Leaks. These in clude encephaloceles, meningoencephaloceles, and iatro genic and noniatrogenic CSF leaks. These pathological entities generally cause small bone defects with moderate to high-flow leaks. 36 In this situation we use an inlay of Du raguard covered with an inlay of fat and a nasoseptal flap, which are held in place with DuraSeal. Lumbar drainage is used for 3 days at 5 ml/hour because these patients of ten have benign intracranial hypertension. 73 No treatment or evaluation for occult hydrocephalus was performed in patients with spontaneous meningocele. We offer patients a first repair of the skull base defect alone, and if a second defect arises we place a ventriculoperitoneal shunt along with the second skull base repair.
At the Institute for Minimally Invasive Skull Base and Pituitary Surgery at Weill Cornell Medical College and NewYorkPresbyterian Hospital, the senior authors (T.H.S. and V.K.A.) keep a prospective database of all cases. Data such as type of lesion, approach, presence of intraoperative CSF leak, closure technique, and use of lumbar drainage are recorded immediately after the operation. Institutional review board approval was obtained for this study.
Systematic Review of the Literature
To compare our leak rates with those previously re ported in the literature, we conducted a systematic review of the literature on CSF leaks after endonasal transsphe noidal surgery. The methodology for our systematic review process has been described in detail in a previous report. 61 Briefly, we performed a modern literature search by us ing the Ovid gateway of the MEDLINE database between the years 1995 and 2011. Studies that were included were carefully scrutinized for their design, methodology, patient characteristics, and primary findings. Data for all patients were recorded, including tumor location, year of publica tion, closure method, intraoperative and postoperative CSF leak rates, lumbar drain placement, reoperation for CSF leak, and other complications. Statistical analyses were per formed using the chisquare and Fisher exact tests. A p value of ≤ 0.05 was considered statistically significant.
Results
Retrospective Series
Endonasal endoscopic surgery was performed in 209 consecutive patients. Patient characteristics are present ed in Table 1 . The mean age was 49.4 years (range 7-85 years), and 98 (46.9%) of patients were male. The most common indication was pituitary adenoma (123 patients, 58.9%). Other pathological entities included 16 menin giomas (7.7%), 15 iatrogenic or traumatic CSF leaks and encephaloceles (7.2%), 11 craniopharyngiomas (5.3%), 8 chordomas (3.8%), 7 cysts (3.3%), 3 mucoceles (1.4%), 4 juvenile nasopharyngeal angiofibromas (1.9%), 3 chondro sarcomas (1.4%), and a variety of other diseases. Table 2 shows the intraoperative and postoperative CSF leak rates stratified by group according to our closure algorithm. After a mean followup of 19.1 months (range 1-31 months) there were no postoperative CSF leaks. How ever, only 125 patients (60%) experienced an intraoperative CSF leak. Of these, 35 patients had intradural tumors and high-flow CSF leaks.
Based on preoperative assessment of the risk of a high flow leak, there were 9 patients in whom the nasoseptal flap was not harvested but in whom a large intraoperative CSF leak unexpectedly developed. Closure followed the algorithm but without the flap, and none of these 9 patients (4.3%) developed postoperative CSF leaks. There were al so 24 patients in whom the nasoseptal flap was harvested in anticipation of a likely leak but in whom no such leak occurred. The flap was used because it was harvested, al though it was not needed.
The only major complication we encountered occurred in 2 patients (1%) with pituitary macroadenomas who de veloped sellar hematomas postoperatively, causing visual deterioration. This was treated by reoperation, with subse quent resolution of visual deficits. There were no cases of meningitis or intracranial infection. There were 14 studies reporting outcomes of endoscopic craniopharyngioma resection (138 patients). The incidence of postoperative CSF leakage in these studies was 20.3% (CI 13.6%-27%). The rate of meningitis was 4.3%. There were 13 studies reporting outcomes of endoscopic resec tion of clival chordomas and chondrosarcomas in 148 pa tients. The incidence of postoperative CSF leakage was 10.8% (CI 5.8%-15.8%). There were no reported cases of postoperative meningitis. There were 9 studies reporting outcomes of endoscopic esthesioneuroblastoma resection in 75 patients. The incidence of postoperative CSF leakage was 8% (CI 1.9%-14.1%). There were no reported cases of meningitis (Table 3) .
The following significant differences between groups were noted regarding postoperative CSF leakage. Menin giomas and craniopharyngiomas had higher rates of post operative CSF leakage than pituitary tumors and GPAs (p = 0.006 in both instances). Meningiomas also had a higher rate of postoperative CSF leakage than chordomas (p = 0.02) and esthesioneuroblastomas (p = 0.004); and chordo mas had a higher leak rate than GPAs (p = 0.02). (Table 3) .
Leak Rate for CSF by Cohort Size.
In studies involv ing cohorts of < 10 patients (111 total patients), the postop erative CSF leak rate was 5.4% (CI 1.2%-9.6%), compared with 12.7% (CI 10%-19.4%) in studies with 10-49 patients (605 patients); 6.1% (CI 3.4%-8.8%) in studies with 50-100 patients (526 patients); and 5.1% (CI 3.6%-6.6%) in studies with > 100 patients (886 patients). Postoperative CSF leakage was higher in the 10-49 cohort than in the 50-100 cohort (p = 0.003) and the > 100 cohort (p = 0.003) and higher in the 50-100 cohort than in the > 100 cohort (p = 0.003) ( Table 4) .
Calculation of Predicted CSF Leak Rate. The historical data provided leak rates for various pathological entities.
We calculated what the historical data would predict as our leak rate by eliminating lesions for which there were no historical data and taking into account the proportion of different diseases in our series. This predicted leak rate was 9.48%, compared with our actual rate of 0%.
Discussion
Endoscopic endonasal approaches for midline anterior skull base lesions have evolved over the past decade. 5, 7, 8, 10, 28, 39, 55, 57, 82, 83, 87 Initial series described the use of these tech niques primarily for pituitary lesions, 6, 30, 48, 56, 59 but as ex perience grew, the endoscopic endonasal approach was ap plied to sellar lesions with suprasellar extension 29, 55, 63 and then to a variety of extrasellar lesions of the midline skull base that carry a greater risk of postoperative CSF leakage. 12, 13, 24, 68 One of the difficulties of endoscopic ante rior skull base surgery is providing a consistent technique for closure of dural defects to avoid postoperative CSF leaks. 12, 64, 66, 69, 91 Prior reports of higher postoperative CSF leak rates than seen with traditional craniotomies remain one the most important barriers to the widespread accep tance of endoscopic endonasal skull base surgery.
Our systematic review of the literature indicates that initial reports of endoscopic skull base cases involved CSF leak rates between 5.6% for pituitary tumors and 31% for meningiomas. Publications from highvolume centers re ported lower rates of CSF leakage. More recent publica tions do not report lower rates of CSF leakage than earlier publications. However, this unexpected trend probably re flects the more recent application of endonasal approaches to higherrisk, intradural cases. Such considerations mo tivated the publication of our closure algorithm. We have previously described different techniques for CSF leak closure and their individual degree of success. 43, 51, 64, 77, 78, 81 In our more recent pathology-specific publications we have published leak rates of 0% for meningiomas, 3.8% for cra niopharyngiomas, 0% in chordomas, 1.4% in macroadeno mas, 3.1% for encephaloceles, and 4.3% for the gasket seal technique. 3, 41, 43, 50, 65, 77 Studies from other centers have reported similarly low postoperative leak rates following the implementation of the nasoseptal flap. 97 In this more uptodate publica tion, we present a unified protocol for dealing with CSF leakage that has brought us to an overall rate of 0%. We describe the decision algorithm in detail to help facilitate the adoption of these techniques and the propagation of the endonasal approaches. The key is a graded approach, with different methods applied to different pathological entities and degrees of leakage. It is our hope that once the CSF leakage problem has been solved universally, as it has been at our center, the choice of approach for midline skull base lesions will be based on the location of the lesion and the ability to obtain a more complete resection and minimize damage to normal neurovascular structures, but not on fear of a higher rate of postoperative CSF leakage.
There are certain aspects of our closure algorithm that may be controversial. Our liberal use of lumbar drainage in high-flow leaks is not advocated by all practitioners. Fear of pneumocephalus, spinal headache, and prolonged bed rest often motivate the avoidance of a lumbar drain. However, if an appropriate multilayer closure is performed, pneumocephalus is unlikely. If the drain is only left in place for 24 hours prolonged bed rest is avoided, and by removing the drain at night spinal headache is minimized because patients remain supine in bed. In our experience the lumbar drain is useful if kept open during extubation to prevent a sudden increase in intracranial pressure, and it can be opened during patient transfer from stretcher to bed. Drainage during the first 24 hours allows the tissue sealant to harden, maintaining the nasoseptal flap in good opposi tion to the cranial base. Another controversial factor in our closure is the use of fascia lata, which requires a second incision. Likewise, DuraSeal is an expensive sealant and may not offer sub stantial benefit over lower-cost sealants. In fact, we cannot say with any certainty that each step we present in this pa per is truly necessary to achieve excellent results because such results can be achieved with other methods, and we have not studied each step in a randomized fashion. Never theless, our protocol has resulted in such low leak rates that we have not been motivated to alter it at this point. Future studies from other groups may be able to reproduce our results by using other nonbiological materials.
Conclusions
A CSF leak rate of 0% may be obtained following en donasal endoscopic extended skull base approaches with appropriate patient selection, use of an established multi layer closure technique, and a defined decision algorithm, coupled with surgical experience.
Disclosure
The authors report no conflict of interest concerning the mate rials or methods used in this study or the findings specified in this paper.
Author contributions to the study and manuscript preparation include the following. 
